similar in all three groups. Peak A velocity and the velocity integrals of late ventricular filling (mean (SD)) were greater in diabetic twins (45 (12) v 38 (8) cmls, P = 0-002; and 32 (11) v 26 (6), P = 0 0002). Diabetic twins had lower E/A ratio (1P59 (0*39) v 1*83 (0.39), P < 0O001), greater atrial filling fraction to total diastolic filling (28 (6) v 25 (5)%, P = 0 002), and prolonged isovolumic relaxation time (72 (12) v 63 (9) ms, P < 0O001). The differences in Doppler findings between diabetic and non-diabetic twins were related to disease duration whereas the prolongation of the isovolumic relaxation time was related to cardiac autonomic dysfunction. Conclusions-These results show that twins with type 1 diabetes have left ventricular diastolic dysfunction related to diabetes duration and cardiac autonomic dysfunction but not to glycaemic control or microvascular complications. In addition, genetic factors contribute to left ventricular dimension and function. (Br Heart 1995;73:450-455) 
Diabetic patients develop heart failure more frequently than non-diabetic patients, despite a similar extent of coronary artery disease.I The Framingham study suggested that a "specific diabetic cardiomyopathy" unrelated to coronary atherosclerosis could account for this excess heart failure.2 The characteristics of this putative diabetic cardiomyopathy have never been clearly defined. Echocardiographic studies have shown normal and abnormal left ventricular dimensions and systolic function in diabetic patients,3-5 while diastolic function was often impaired.5-7 However, the relations between myocardial dysfunction and the type and duration of diabetes, the impact of glycaemic control, microvascular disease, and abnormal autonomic function remain unclear. We studied monozygotic twins discordant for type 1 diabetes to examine the direct effects of type 1 diabetes on left ventricular size and function, and to determine whether there is evidence for a specific diabetic heart muscle disease, and if so whether it is related to disease duration, glycaemic control, the presence of microvascular disease, or autonomic dysfunction. The non-diabetic co-twins are the ideal controls because the well documented influence of genetic factors on left ventricular mass and size were eliminated and the environmental effects minimised by their shared family backgrounds.
Patients and methods

STUDY POPULATION
The British Diabetic Twin Study has 1 0 1 pairs of monozygotic twins discordant for type 1 diabetes. We selected all 47 twin pairs between the ages of 10 and 37 years for this study because diabetic patients of this age have been shown to have a low incidence of coronary artery disease5 8 9 and we wanted to exclude the confounding effects of coexistent coronary heart disease on left ventricular function. We compared these twins with a group of age and sex matched volunteers who were recruited from the Borough of Westminster.
Type 1 diabetes was diagnosed according to the National Diabetes Data Group criteria'0 and non-diabetic twins were tested with an oral glucose tolerance test to exclude diabetes.10 Zygosity was defined by 21 genetic markers and the probability of monozygosity was greater than 95%.11 Exclusion criteria were (a) history of cardiac ischaemia; (b) hypertension (blood pressure >160/95 mm Hg); (c) valvar heart disease or segmental wall motion abnormalities on the cross sectional echocardiogram; (d) abnormal 12 lead electrocardiogram, especially atrial fibrillation or bundle branch block; (e) alcohol intake of >35 units per week; (f renal dysfunction (serum creatinine >150,umol/1); (g) diabetic ketoacidosis two months before study; and (h) medications known to affect cardiac function. Seven of the 47 twin pairs, were excluded: three with hypertension; one with anorexia nervosa; one was taking growth hormone therapy and two pairs did not wish to participate in the study. Thus the study consisted of 40 twin pairs. It was approved by Riverside Hospital ethics committee.
Subjects were requested to grade their weekly exercise activities: grade 1 = sedentary (office work, irregular non-strenuous exercise); grade 2 = fit (regular exercise up to three times per week-for example, brisk walking, games and sports), and grade 3 = athletic (regular weight training, track running, and cycling). In addition, smoking history and daily insulin dose were recorded. Supine blood pressures were measured after five minutes rest with a cuff sphygmomanometer, and repeated at least twice immediately before echocardiographic recordings. Mean blood pressure (BP) was calculated as (systolic BP -diastolic BP)/3 plus diastolic BP. ASSESSMENT Autonomic function was assessed using a panel of standard cardiovascular reflex tests with simultaneous electrocardiographic monitoring as previously described'2 (a) beat to beat heart rate variation to deep breathing; (b) mean ratio of fastest to slowest heart rates during two Valsalva manoeuvres; (c) heart rate increase on standing; (d) blood pressure changes on standing. The results were graded as in table 1. (7) 88 (8) BSA, body surface area; BMI, body mass index. Statistical significant difference between twins *P < 0-02 and **P < 0-002; between diabetic twins and control subjects tP < 0-001; and between non-diabetic twins and control subjects as tP < 0 005. 
DOPPLER ECHO AND IVRT
The mean peak E velocity amplitude and the E velocity integral were similar in all three groups (table 4) . By contrast, the mean peak A velocity amplitude and the A velocity integral were significantly greater in the diabetic twins than their non-diabetic co-twins (95% CI 2-15 to 9 4 cm/s, P < 001) and controls (95% CI 6 57 to 14-53 cm/s, P < 0O001). This resulted in a significantly lower E/A ratio in the diabetic twins than in their non-diabetic co-twins (95% CI -O035 to -0.I, P < 0.001) or the controls (95% CI -079 to -0 39, P < 0 001 were not found in the non-diabetic twins but occurred in 38% and 23% of the diabetic twins respectively. In the diabetic twins, 17/160 autonomic function tests (11%) were abnormal compared with only 1/160 (< 0 1 %) in the non-diabetic twins (all P < 0 001) (X2 test).
RELATION BETWEEN DATA
Although there were differences in the echocardiographic measurements of left ventricular diastolic filling between the diabetic and non-diabetic twins, there were strong correlations between the diabetic and non-diabetic co-twins for each of these measurements (table 6) . However, no correlation was demonstrated between the diabetic twins and controls or between the non-diabetic twins and controls, suggesting that the correlations between identical twins are caused by the influence of genetic factors (figure). To examine the impact of the duration of diabetes on left ventricular diastolic filling, the diabetic twins were divided into two groups according to their mean disease duration (14 years). Twins with diabetes for more than 14 years (n = 20) had significantly greater peak A velocity (50 (1 1) v 39 (7) cm/s; P < 0 001) Non-diabetic twins LVEDDi (cm/m2) and A velocity integral (64 (17) v 50 (10); P < 0-001), greater atrial filling fraction (35 (5) v 31 (5)%; P < 0 001) and lower E/A ratio (1-45 (0-51) v 1-75 (0 44); P = 0-02) than their non-diabetic co-twins. These differences were not detected in twins who had had diabetes for less than 14 years. In contrast, blood pressure and IVRT remained significantly different in the diabetic and their non-diabetic twins regardless of disease duration.
Stepwise regression did not demonstrate an important influence of glycaemic control or blood pressure on any of the echocardiographic measurements of left ventricular diastolic function. A significant relation was detected between the diabetic complication index and IVRT (P = 0 01): this significant relation was mainly related to the autonomic function score (P = 0 03). Further analysis showed that IVRT was significantly related to heart rate variation to deep breathing (r = 0 43, P = 0 01) and heart rate response to standing (r = 0 35, P = 0 04), but not to the Valsalva manoeuvre (P = 0 06).
Discussion
The study of monozygotic twins discordant for a specific disease entity provides a powerful means by which the influence of the disease on a particular organ function can be differentiated from the influence of genetic factors. For this reason, we studied the impact of type 1 diabetes on cardiac size and function in monozygotic twins who were discordant for diabetes. Genetic and also environmental influences, independent of sex, blood pressure, and age, have been shown to be important determinants of cardiac size and mass.'4 16 Shared genetic factors may account for more than 60% of the total variance in left ventricular mass.'6 In our study, we found strong correlations between the diabetic and non-diabetic twins for left ventricular end diastolic (r = 0-72) and end systolic (r = 0-65) dimensions, and interventricular septal thickness (r = 0 70). However, there were no significant correlations between either the diabetic or the non-diabetic twins and the age and sex matched singleton control subjects in any of the echocardiographic measurements, reconfirming the important influence of both genetic and shared environmental factors upon the left ventricle. To identify the separate influence of genetic and environmental factors would need a different study design involving both identical and non-identical twins. Left ventricular end diastolic and end systolic cavity dimensions and fractional shortening were all similar in the diabetic twins, their co-twins, and the control subjects. Although all those studied were normotensive, the diabetic twins had higher blood pressures than their co-twins, but there were no differences in left ventricular wall thickness between the twin pairs. Left ventricular diastolic function has been shown to be affected at an early stage in several myocardial diseases even when systolic function remains normal. 17 18 Several studies have used pulsed wave Doppler echocardiography to diagnose and characterise abnormal diastolic function by assessing the pattern of transmitral blood flow velocity during diastole.19-2' Left ventricular diastolic filling patterns by Doppler correlate closely with those obtained by contrast and radionuclide angiographic techniques.2' 22 These velocity derived indices have proved to be sensitive indicators of impaired left ventricular filling in a wide range of myocardial diseases,2"22 even though they vary with age, heart rate, and left ventricular loading conditions.2' In our study, the diabetic twins had significantly greater peak A velocities and A velocity integrals and reduced E/A ratio compared with their non-diabetic co-twins. In addition, the contribution of left atrial contraction to left ventricular diastolic filling was also significantly greater in the diabetic twins. The difference in left ventricular diastolic filling between the diabetic and nondiabetic co-twins could not be explained by the faster heart rate in the diabetic twins because this difference persisted when 15 twin pairs with similar heart rates were compared. Importantly, these alterations in Doppler left ventricular filling patterns predominated in twins who had had diabetes for a long time, that is, more than 14 years.
Further independent evidence for altered diastolic function was provided by the prolonged isovolumic relaxation time in the diabetic twins, which is an acknowledged method of assessing diastolic function. We also demonstrated for the first time, that prolonged isovolumic relaxation time was related to cardiac autonomic function, particularly to the assessment of heart rate variability during deep breathing, which has been considered as one of the most sensitive test for the presence of cardiac autonomic neuropathy.12 24 The autonomic nervous system provides neurohumoral stimuli that modulate heart rate, and myocardial relaxation and contractility. In addition, it probably affects the loading conditions of the heart through the control of peripheral vascular resistance. Left ventricular systolic function and peak filling rate, a measure of diastolic function, have been demonstrated by radionuclide ventriculographic studies to be depressed in diabetic patients with autonomic neuropathy.2' In our study, diabetes duration did not influence isovolumic relaxation time, and previous studies have shown that diabetes duration did not influence the presence of autonomic neuropathy. 26 The faster resting heart rate of the diabetic twins is most likely caused by subclinical autonomic neuropathy.4 However, the faster heart rate could not have resulted in the prolongation of isovolumic relaxation time because this difference persisted when 15 twin pairs with similar heart rates were compared.
Furthermore, there was no correlation between the prolongation of isovolumic relaxation time and peak A velocity, suggesting that they vary independently of each other.
Thus if diastole can be divided into four phases (isovolumic relaxation, rapid filling, diastasis, and atrial contraction) then at least two of these, isovolumic relaxation and atrial contraction, are altered in the diabetic twins. There was no alteration in resting systolic function in our diabetic twins although systolic dysfunction may develop at a later stage or may be uncovered during exercise stress. 927 These changes in left ventricular diastolic function in monozygotic twins with type 1 diabetes were unrelated to glycated haemoglobin concentrations measured at the time of the study, nor could they be explained by ischaemia, because according to previous studies coronary artery disease is uncommon in diabetic patients aged less than 40.589 Structural and metabolic abnormalities of diabetic myocardium have been reported and may have played a part in the functional changes we described.92829 Increased deposition of collagen in the myocardium has been found in myocardial biopsy specimens9 28 obtained from patients with type 1 diabetes, and by in vivo studies of diabetic myocardium using an ultrasound backscatter technique.'0 Our results show that both left ventricular dimension and function are under the influence of genetic and shared environmental factors, and that patients with type 1 diabetes have significant left ventricular diastolic dysfunction which may be related to disease duration and changes in autonomic function. The alterations in diastolic function manifested by dynamic changes in left ventricular filling from the early to late stages of diabetes are subtle and provide support for the existence of a specific diabetic heart muscle disease. Since genetic factors can exert important influences upon the left ventricle, stbtle changes in cardiac function can best be detected by the study of monozygotic twins. Long-tern serial follow up studies are necessary to determine whether these diabetic twins will progress to clinical heart failure, and Doppler echocardiography may offer a sensitive and non-invasive method to evaluate this progression.
